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Heterocyst development was analyzed in mutants of the heterocyst-forming cyanobacterium Anabaena
sp. strain PCC 7120 bearing inactivated cox2 and/or cox3 genes, encoding heterocyst-specific terminal
respiratory oxidases. At the morphological level, the cox2 cox3 double mutant (strain CSAV141) was
impaired in membrane reorganization involving the so-called honeycomb system that in the wild-type
strain is largely or exclusively devoted to respiration, accumulated glycogen granules at conspicuously
higher levels than the wild type (in both vegetative cells and heterocysts), and showed a delay in
carboxysome degradation upon combined nitrogen deprivation. Consistently, chemical analysis confirmed
higher accumulation of glycogen in strain CSAV141 than in the wild type. No impairment was observed in
the formation of the glycolipid or polysaccharide layers of the heterocyst envelope, consistent with the
chemical detection of heterocyst-specific glycolipids, or in the expression of the heterocyst-specific genes
nifHDK and fdxH. However, nitrogenase activity under oxic conditions was impaired in strain CSAV135
(cox3) and undetectable in strain CSAV141 (cox2 cox3). These results show that these dedicated oxidases
are required for normal development and performance of the heterocysts and indicate a central role of
Cox2 and, especially, of Cox3 in the respiratory activity of the heterocysts, decisively contributing to
protection of the N2 fixation machinery against oxygen. However, in contrast to the case for other
diazotrophic bacteria, expression of nif genes in Anabaena seems not to be affected by oxygen.
Biological nitrogen fixation represents a main input of N
into the biosphere and is a limiting factor for primary produc-
tivity in vast oceanic areas, thus greatly influencing C and N
cycling at a global scale (6, 30). The nitrogen-fixing reaction
(i.e., N2 reduction to ammonium) catalyzed by most of the
known nitrogenase complexes is extremely sensitive to oxygen,
and bacteria able to carry out this process in oxic environments
have developed different strategies to protect their N2 fixation
machinery against oxygen. This problem is especially relevant
in the case of diazotrophic cyanobacteria, because, their main
life style being oxygenic photoautotrophy, they have to cope
not only with external oxygen but also with that generated
intracellularly by the operation of photosystem II (PSII). A
remarkable way of protection of the N2 fixation machinery
against oxygen is the differentiation of specialized cells called
heterocysts that, in response to combined nitrogen deprivation,
takes place in some filamentous cyanobacteria. In oxic envi-
ronments, the N2 fixation machinery is confined to heterocysts,
the only cells in which the nif genes are expressed (12, 34).
Heterocysts exhibit distinct features aimed at increasing the
efficiency of the N2 fixation reaction and at keeping free O2 in
the cytoplasm at a low concentration. Thus, in the course of the
differentiation process, heterocysts acquire supplemental en-
velope layers, lose activity of PSII and of photosynthetic CO2
fixation, and acquire specific hydrogenases and oxidases that
contribute to the generation of ATP for the demanding di-
azotrophic metabolism. These oxidases consume traces of ox-
ygen that, in spite of the barrier imposed by the enlarged cell
wall, penetrate into the heterocyst (34).
Anabaena sp. strain PCC 7120 is a heterocyst-forming cya-
nobacterium whose entire genome has been sequenced (15). In
this strain, three gene clusters encoding heme-copper-type ter-
minal respiratory oxidases have been described (31). Each of
the cox1 and cox2 clusters encodes the three subunits of an
aa3-type cytochrome c oxidase similar to those present in other
unicellular or heterocyst-forming cyanobacteria (23, 27, 28). In
contrast, the polypeptides encoded in the cox3 cluster do not
show the CuA and Mg
2 binding motifs characteristic of cyto-
chrome oxidases, being more related to those of the so-called
ARTO (or CtaII) terminal oxidases that are similar to heme-
copper quinol oxidases (13, 22). The cox1 gene cluster is ex-
pressed in vegetative cells irrespective of the nitrogen regimen
(14, 31). In contrast, the cox2 and cox3 gene clusters are ex-
pressed in response to combined nitrogen deprivation specifi-
cally in developing and mature heterocysts, and the operation
of at least one of them is required for the diazotrophic growth
of the cyanobacterium (31).
The present work involves a morphological, genetic, and
biochemical analysis of mutant strains of Anabaena bearing
inactivated versions of some cox genes, which was aimed at
learning the function of the dedicated diazotrophic oxidases in
heterocyst metabolism.
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MATERIALS AND METHODS
Organisms and growth conditions. This study was carried out with the het-
erocyst-forming cyanobacterium Anabaena sp. strain PCC 7120 (also called Nos-
toc sp. strain PCC 7120) and cox mutant derivatives CSAV135 (coxA3::C.S3),
CSAV140 (coxB2::C.S3), and CSAV141 (coxB2::C.K3 coxA3::C.S3) (31). Cells
were grown in BG110 (medium BG11 [25] without NaNO3) containing 8 mM
NH4Cl and 16 mM TES [N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic
acid]-NaOH buffer (pH 7.5). All cultures were supplemented with 10 mM of
NaHCO3 and bubbled with a mixture of CO2 and air (1%, vol/vol). Strains
CSAV135 and CSAV140 were grown in the presence of 2 g  ml1 of strepto-
mycin and 2 g  ml1 of spectinomycin. Strain CSAV141 was grown in the
presence of 5 g  ml1 of neomycin, 2 g  ml1 of streptomycin, and 2
g  ml1 of spectinomycin. The amount of cyanobacteria in cell suspensions was
estimated by their chlorophyll a (Chl) content. Chl was determined in methanolic
extracts of the cells (16). For nitrogen step-down, filaments growing exponen-
tially in NH4Cl-containing medium (3 to 5 g of Chl  ml1) were harvested at
room temperature and either used directly or washed with and resuspended in
BG110 medium and further incubated under culture conditions for the number
of hours indicated for each experiment.
DNA isolation and analysis. DNA fragments were purified from agarose gels
with the GFX kit (Amersham Biosciences). Plasmid isolation from Escherichia
coli, transformation of E. coli, digestion of DNA with restriction endonucleases,
ligation with T4 ligase, and PCR were performed by standard procedures (2, 26).
RNA isolation and analysis. RNA from whole filaments was isolated in the
presence of ribonucleoside-vanadyl complex as previously described (18). For
Northern analysis, 25 to 30 g of RNA was loaded per lane and electrophoresed
in 1% agarose denaturing formaldehyde gels. Transfer and fixation to Hy-
bond-N membranes (Amersham Biosciences) were carried out using 0.1 M
NaOH. Hybridization was performed at 65°C according to the recommendations
of the manufacturers of the membranes. The nifH and fdxH probes were frag-
ments of these genes amplified by PCR. The nifH probe was amplified using
plasmid pCSAV60 (containing the nifH gene cloned in pGEM-T vector) as a
template and oligonucleotides NH-1 (corresponding to positions 334 to 314
with respect to the translation start of nifH) and NH-4 (complementary to
nucleotides884 to863 with respect to the translation start of nifH). The fdxH
probe was amplified using plasmid pCSAV164 (containing the fdxH gene cloned
in pGEM-T vector) as a template and oligonucleotides FH-1 (corresponding to
nucleotides 3 to 20 with respect to the translation start of fdxH) and FH-2
(complementary to nucleotides 297 to 269 with respect to the translation
start of fdxH). All probes were 32P labeled with a Ready-to-Go DNA labeling kit
(Amersham Biosciences) using [-32P]dCTP. Images of radioactive filters and
gels were obtained and quantified with a Cyclone storage phosphor system and
OptiQuant image analysis software (Packard).
Heterocyst isolation. Heterocysts from wild-type or CSAV141 mutant strains
were purified from induced filaments essentially as described previously (9), with
minor modifications. Cultures were grown in ammonium-containing medium
until they reached the exponential phase (3 to 5 g Chl  ml1). Cells were then
washed with and resuspended in nitrogen-free medium, and incubated for ap-
proximately 48 h under growth conditions before the heterocyst-containing fil-
aments were collected by centrifugation at 4°C. The cells were then suspended in
buffer containing 50 mM imidazol, 0.5 mM EDTA, and 1 mM dithiothreitol;
broken by two passages through a French press at 3,000 lb/in2; and centrifuged
at 200 g for 10 min. The pellet, consisting mainly of heterocysts, was washed
three to five times with the same buffer. The supernatant was centrifuged to
collect the vegetative cells.
Glycogen determination. The glycogen content of whole filaments, isolated
heterocysts, or vegetative cells from filaments incubated for 48 h without com-
bined nitrogen was determined as previously described (8). Filaments corre-
sponding to about 5 to 8 g of Chl, isolated heterocysts, or vegetative cells were
suspended in 200 l of a 2.5% (vol/vol) sulfuric acid solution and incubated in
boiling water for 40 min. Glucose in the hydrolysate was then quantified by a
colorimetric assay using the o-toluidine reagent. The protein concentration was
determined with the DC protein assay (Bio-Rad).
Thin-layer chromatographic determination of lipids. Lipids were extracted
from whole filaments or isolated heterocysts with a 2:1 (vol/vol) mixture of
chloroform and methanol and chromatographed on thin layers of Silica Gel as
described by Nichols and Wood (21), except that extracts were concentrated
under N2, and heterocyst glycolipids were identified as described previously (33).
Nitrogenase activity. After nitrogen step-down as described above, filaments
from wild-type strain PCC 7120 and its derivatives CSAV135, CSAV140, and
CSAV141 were incubated in BG110 medium under culture conditions for 18 h.
After this period of time, the nitrogenase activity was determined (with samples
of 2 ml containing 10 g of Chl  ml1) by the acetylene reduction assay under
illumination in an atmosphere of 14% acetylene in air or under micro-oxic
conditions. For achieving micro-oxic conditions, the 2-ml cell suspension in the
vacuum-sealed flask was supplemented with 10 M 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU) to inhibit oxygenic photosynthesis and bubbled with
argon for 3 min. All cell suspensions (under air or under Ar-DCMU) were
incubated for 1 h at 30°C under illumination before the addition of acetylene.
Activity was calculated from linear rates of ethylene production.
Electron microscopy. Filaments of the wild type and the three cox mutants
were cultivated in fourfold-diluted A&A (A&A/4) medium (1) containing 5 mM
KNO3 and bubbled with air enriched with 2% CO2. Nitrogen step-down was
performed by washing exponentially growing filaments (3 to 5 g of Chl  ml1)
with A&A/4 medium three times at room temperature. Cells were resuspended
in A&A/4 medium and further incubated under culture conditions for 24 and
40 h. Cells were then harvested and fixed with 2.5% glutaraldehyde and 2%
KMnO4 as described previously (3). After dehydration with increasing ethanol
concentrations, the samples were incubated in a 1:1 mixture of Epon and pro-
pylene oxide at 37°C, followed by embedding in Epon for 24 h at 37°C and for
48 h at 60°C. Thin sections of 70 to 90 nm were transferred to copper grids and
stained with uranyl acetate for 15 min and with lead citrate for 5 min. Samples
were examined with a Zeiss EM109 electron microscope at 80 kV (7).
RESULTS
Heterocyst morphology in Anabaena cox mutants. Electron
microscopy of filaments of Anabaena strains with inactivated
cox genes was conducted at various times after nitrogen step-
down, with the aim of a comparison of morphological features
of heterocyst differentiation in these mutants to those in the
wild-type strain. Whereas no significant differences could be
detected with any of the single mutants, namely, strains
CSAV140 (coxB2::C.S3) and CSAV135 (coxA3::C.S3), the
double mutant strain CSAV141 (coxB2::C.K3 coxA3::C.S3)
was impaired to bring out some of the changes that in the wild
type characterize the morphological differentiation of the het-
erocysts.
Besides the two membrane systems present in vegetative
cells (the thylakoid system, containing photosynthetic and
respiratory complexes, and the cytoplasmic membrane, exhib-
iting respiratory activity), heterocysts have a third membrane
system devoted mainly to respiration. This consists of the spi-
rally structured membranes situated towards the cell poles that
have been called “honeycomb” membranes and that, being the
sites where oxidation of diaminobenzidine takes place, are
thought to include hemoprotein oxidases (19, 34). Whereas
“honeycomb” membranes were clearly seen in heterocysts of
strain PCC 7120 at 40 h after the onset of combined nitrogen
deprivation, their formation could not be consistently detected
in heterocysts of strain CSAV141 (Fig. 1), although some
membrane reorganization and accumulation in the cell poles
could occasionally be observed. Additionally, electron-dense
deposits, likely corresponding to glycogen granules, accumu-
lated in both heterocysts (Fig. 1) and vegetative cells (not
shown) of strain CSAV141 at conspicuously higher levels than
in the wild-type strain. No significant accumulation of these
granules could be observed when strain CSAV141 was grown
with ammonium as a nitrogen source (not shown). Occasion-
ally carboxysomes (Fig. 1C) or material from degraded car-
boxysomes (dense nonpolar material) (Fig. 1B) could be ob-
served in heterocysts of strain CSAV141. In the wild-type
heterocysts, carboxysomes were completely degraded after
24 h of combined nitrogen deprivation (not shown). On the
other hand, no significant impairment was observed in strain
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CSAV141 with regard to the formation of the glycolipid and
polysaccharide layers of the heterocyst envelope (Fig. 1).
Biochemical determination of glycolipids and glycogen in
strains PCC 7120 and CSAV141. Glycolipids specific to the
heterocysts, which constitute the laminated layer of the het-
erocyst envelope, can be readily identified by thin-layer chro-
matographic separation of lipids extracted from whole fila-
ments or isolated heterocysts (33). In an analysis of lipids from
both whole filaments grown with ammonium and incubated for
25 h in combined nitrogen-free medium and heterocysts iso-
lated from them, heterocyst-specific glycolipids were observed
in extracts from the wild-type and CSV141 strains (Fig. 2). This
result is consistent with the normal appearance of the lami-
nated layer of the heterocyst envelope in strain CSAV141 (see
above).
Glycogen content was determined during a time course of
heterocyst development and in mature heterocysts. In the wild-
type strain, the glycogen content in whole filaments increased
during the first 24 h of combined nitrogen deprivation and then
decreased to levels similar to those found in the ammonium-
grown filaments (Fig. 3A). In contrast, the glycogen content in
the CSAV141 mutant increased continuously, so that by 48 h
after the onset of combined nitrogen deprivation, levels in the
mutant were more than twice the maximum levels reached in
the wild type (Fig. 3A). When the glycogen content was ana-
lyzed separately in vegetative cells and heterocysts from fila-
ments incubated for 48 h in the absence of combined nitrogen,
higher values were found in both types of cells from the
CSAV141 mutant than in those from the wild type (Fig. 3B).
These results are consistent with the conspicuous accumulation
of glycogen-like granules detected by electron microscopy in
the CSAV141 mutant (see above).
Expression of heterocyst-specific genes and nitrogenase ac-
tivity in the cox mutants. Expression of the nifHDK operon
(encoding the nitrogenase enzyme complex) and of fdxH (en-
coding the heterocyst-specific ferredoxin, which likely repre-
sents a physiological electron donor to nitrogenase [24]) was
analyzed upon nitrogen step-down in the cox mutants in com-
parison to the wild-type strain. Normal expression was ob-
served with the nifH and fdxH probes in the three mutants
FIG. 1. Electron micrographs of heterocysts of strains PCC 7120
and CSAV141 (cox2 cox3). Nitrate-grown filaments incubated for 40 h
under culture conditions in the absence of combined nitrogen were
used for microscopy. HC, “honeycomb” membranes; GG, glycogen
granules; GL, glycolipid layer; PL, polysaccharide layer; CB, carboxy-
somes. Original magnifications, 12,000 (A and B) and 30,000 (C).
FIG. 2. Thin-layer chromatographic separation of lipids extracted
from whole filaments (A) or isolated heterocysts (B) of strains PCC
7120 and CSAV141. Cells grown with ammonium (0) or grown with
ammonium and incubated in the absence of combined nitrogen for the
indicated number of hours, or heterocysts isolated from filaments
incubated in the absence of combined nitrogen for the indicated num-
ber of hours, were used as described under Materials and Methods.
GLI and GLIII, heterocyst envelope glycolipids I and III (10), respec-
tively.
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analyzed. The nifH probe marked three transcripts, corre-
sponding to nifHDK, nifHD, and nifH, respectively. The fdxH
probe marked the hesAB-fdxH and fdxH transcripts (4, 5). Both
the transcript amount and time course of transcript accumu-
lation in the mutants were similar to those found in the wild
type (Fig. 4).
Nitrogenase activity was determined in cox mutants in com-
parison to the wild-type strain in filaments that had been in-
cubated for 18 h in the absence of combined nitrogen after
growth with ammonium. Assays were carried out in the light
under both oxic and micro-oxic conditions, by incubating the
cells under air or under argon in the presence of DCMU to
inhibit PSII-dependent O2 production (see Materials and
Methods for details), respectively. The wild-type strain and
strain CSAV140 exhibited higher activity levels under micro-
oxic than under oxic conditions. Strain CSAV140 showed nor-
mal activity under air and activity similar to that in the wild
type when assayed with DCMU under argon. Strains CSAV135
and CSAV141 exhibited substantial nitrogenase levels, al-
though lower than those in the wild type, under micro-oxic
conditions but exhibited considerably lower (in CSAV135) or
undetectable (in CSAV141) levels under air (Table 1).
FIG. 3. Glycogen content of whole filaments (A) or isolated vegeta-
tive cells and heterocysts (B) of strains PCC 7120 (wild type [WT]) and
CSAV141. Filaments were grown with ammonium and incubated in the
absence of combined nitrogen. For panel A, aliquots from each culture
were withdrawn at the indicated times for glycogen determination. For
panel B, at 48 h vegetative cells and heterocysts were separated as de-
scribed in Materials and Methods and used for glycogen determination.
For each panel, results for representative experiments are presented, from
three each that were performed with similar results.
FIG. 4. Northern blot analysis of the expression of the nifHDK and hesAB-fdxH genes in cox mutant strains. RNA was isolated from cultures
of the indicated strains grown with ammonium (0) or grown with ammonium, washed, and incubated in the absence of combined nitrogen for the
indicated number of hours. Samples contained 25 to 30 g of RNA, and hybridizations were carried out with a probe for the nifH or fdxH gene
or for the rnpB gene (32), which was used as a loading and transfer control. WT, wild type.
TABLE 1. Nitrogenase activities of strain PCC 7120 and cox
mutant strainsa
Strain
Nitrogenase activity
(%)b under:
Air Argon-DCMU
PCC 7120 (wild type) 100 160
CSAV135 (coxA3::C.S3) 37 108
CSAV140 (coxB2::C.S3) 103 145
CSAV141 (coxB2::C.K3 coxA3::C.S3) 0 75
a Ammonium-grown filaments were incubated in the absence of combined
nitrogen under culture conditions for 18 h and then used for nitrogenase activity
determination under oxic and micro-oxic conditions as indicated in Materials and
Methods.
b Values are means of the data from three independent experiments with
similar results and are percentages of the value for the wild-type strain under air,
which corresponds to 11.9 nmol ethylene  g Chl1  h1.
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DISCUSSION
The heterocyst-forming cyanobacterium Anabaena sp. strain
PCC 7120 contains three heme-copper terminal respiratory
oxidases, two of which, Cox2 and Cox3, are dedicated diazotro-
phic oxidases (31). Thus, a cox2 cox3 double mutant does not
grow diazotrophically and does not develop nitrogenase activ-
ity under oxic conditions. Here we wanted to further study the
role of these oxidases in heterocyst development and protec-
tion of the N2 fixation machinery against oxygen in these dif-
ferentiated cells.
The fact that in Anabaena sp. strain PCC 7120 nitrogenase
levels are even higher under argon in the presence of DCMU
than under air suggests that this organism can generate sub-
stantial amounts of reducing equivalents and ATP for the
nitrogenase-catalyzed reduction of N2 under micro-oxic condi-
tions, at least within the experimental setting here used. Under
these conditions, nitrogenase activity can be supported by pho-
tosystem I (PSI)-dependent generation of ATP and PSI-re-
duced ferredoxin (34). Accordingly, the three cox mutants,
bearing inactive cox2 and/or cox3 gene clusters, exhibit sub-
stantial nitrogenase activity in the presence of DCMU under
argon. The increased nitrogenase activity under micro-oxic
conditions in the wild type could reflect some negative effect of
the low levels of oxygen that still may be present in heterocysts
under oxic conditions and/or could reflect more efficient oper-
ation of PSI under micro-oxic conditions. The latter might
result from competition for electrons between the photosyn-
thetic and respiratory chains under oxic conditions. Under
these conditions, the price of diverting electrons from the more
efficient system of ATP (and reducing equivalent) generation
would be paid to maintain adequate low oxygen levels inside
the heterocyst.
The fact that nitrogenase levels in strain CSAV135 (but not
CSAV140) are much lower than those in the wild type under
air, with the differences between the two strains being smaller
under argon-DCMU, indicates a principal role of Cox3 in
nitrogenase protection from oxygen in the heterocyst. Some
contribution also of Cox2 to this protection can be inferred
from the observation that under air, nitrogenase levels are still
appreciable in the single cox3 mutant but are undetectable in
the double cox2 cox3 mutant (Table 1; see also reference 31).
It seems that although in the presence of Cox3 the activity of
Cox2 would be dispensable, Cox2 can provide some protection
in the absence of Cox3. This different contribution to protec-
tion against oxygen may be related to the different natures of
these two oxidases: Cox2 is a cytochrome c oxidase, whereas
Cox3 seems to be a quinol oxidase, which might have higher
affinity for oxygen than the cytochrome oxidase. Also, it might
reflect different amounts of the two oxidases in the heterocyst.
Whether the large difference in nitrogenase activity between
strains CSAV135 and PCC 7120 under air in the light also
reflects a negative effect of the lack of Cox3 on ATP produc-
tion in the heterocysts is unknown.
We asked whether inactivation of the cox2 and/or cox3 genes
has an effect on heterocyst development and nif gene expres-
sion in Anabaena. Strain CSAV141 is impaired in the forma-
tion of the heterocyst “honeycomb” membranes (see Fig. 1),
indicating that the presence of the Cox2 and Cox3 oxidases has
a role in the structural differentiation of these membranes.
This could also contribute to explain the lower nitrogenase
activity of cox mutants in comparison to the wild type under
micro-oxic conditions.
The results presented in this work indicate that the nifHDK
and hesAB-fdxH operons are induced normally in the cox mu-
tants under oxic conditions (Fig. 4). This suggests that there is
not a requirement for Cox2 and Cox3 activities for further gene
expression during the process of heterocyst differentiation. On
one hand, these results indicate that the impairment in nitro-
genase activity exhibited by the mutants does not result from
secondary effects on expression of these genes provoked by the
abnormally high levels of O2 likely present in their heterocysts.
On the other hand, these results contrast with the situation in
many well-studied diazotrophs in which expression of nif genes
responds to the oxygen concentration (17, 29). The develop-
ment of the cyanobacterial heterocyst to shelter the nitrogen
fixation machinery under oxic conditions could have elimi-
nated the need for direct control of nif gene expression by
oxygen in these organisms.
Strain CSAV141, which does not express nitrogenase activity
under oxic conditions, exhibits an abnormally high abundance
of glycogen in both vegetative cells and heterocysts specifically
when incubated in the absence of combined nitrogen (Fig. 1
and 3). This accumulation can be due to increased synthesis,
decreased degradation, or both. Although a lack of heterocyst-
specific Cox2 and Cox3 activities would not affect respiration in
vegetative cells (which anyway is negligible in the light [20])
and hence respiration-driven catabolism of internal carbohy-
drates, a lack of N2 reduction to ammonium in the double
mutant would reduce operation of the glutamine synthetase/
glutamate synthetase pathway, which represents the principal
manner of consumption of 2-oxoglutarate, a main product of C
assimilation in cyanobacteria. Thus, carbon compounds accu-
mulated in the cox double mutant under nitrogen deprivation
in the light could favor glycogen synthesis in this strain. This
rationale is consistent with the observed time course of glyco-
gen accumulation in whole filaments of the wild-type strain
(Fig. 3A), which increases at the onset of combined nitrogen
deprivation until 24 to 30 h, when active nitrogenase is estab-
lished in the heterocysts, and decreases thereafter. In addition,
in the absence of combined nitrogen, mutant CSAV141 will
have an anomalously high C-to-N balance, a parameter deter-
minant for expression of N-regulated genes in cyanobacteria
(11). The possibility that this high C-to-N balance has a regu-
latory influence on glycogen synthesis or degradation in vivo,
thus linking carbon metabolism to N control, could be consid-
ered and represents a subject worthy of future research.
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